Takara S, Hatanaka N, Takada M, Nambu A. Differential activity patterns of putaminal neurons with inputs from the primary motor cortex and supplementary motor area in behaving monkeys. J Neurophysiol 106: 1203-1217, 2011. First published June 8, 2011 doi:10.1152/jn.00768.2010.-Activity patterns of projection neurons in the putamen were investigated in behaving monkeys. Stimulating electrodes were implanted chronically into the proximal (MI proximal ) and distal (MI distal ) forelimb regions of the primary motor cortex (MI) and the forelimb region of the supplementary motor area (SMA). Cortical inputs to putaminal neurons were identified by excitatory orthodromic responses to stimulation of these motor cortices. Then, neuronal activity was recorded during the performance of a goaldirected reaching task with delay. Putaminal neurons with inputs from the MI and SMA showed different activity patterns, i.e., movementand delay-related activity, during task performance. MI-recipient neurons increased activity in response to arm-reach movements, whereas SMA-recipient neurons increased activity during delay periods, as well as during movements. The activity pattern of MI ϩ SMA-recipient neurons was of an intermediate type between those of MI-and SMA-recipient neurons. Approximately one-half of MI proximal -, SMA-, and MI ϩ SMA-recipient neurons changed activities before the onset of movements, whereas a smaller number of MI distal -and MI proximal ϩ distal -recipient neurons did. Movementrelated activity of MI-recipient neurons was modulated by target directions, whereas SMA-and MI ϩ SMA-recipient neurons had a lower directional selectivity. MI-recipient neurons were located mainly in the ventrolateral part of the caudal aspect of the putamen, whereas SMA-recipient neurons were located in the dorsomedial part. MI ϩ SMA-recipient neurons were found in between. The present results suggest that a subpopulation of putaminal neurons displays specific activity patterns depending on motor cortical inputs. Each subpopulation receives convergent or nonconvergent inputs from the MI and SMA, retains specific motor information, and sends it to the globus pallidus and the substantia nigra through the direct and indirect pathways of the basal ganglia. basal ganglia; striatum; motor control; single-unit recording THE PRIMATE STRIATUM, composed of the putamen, the caudate nucleus, and the ventral striatum, is a main input station of the basal ganglia and receives neural signals from wide areas of the cerebral cortex. Every single striatal projection neuron is estimated to receive diverse inputs from ϳ750 to 7,500 cortical neurons (Bennet and Wilson 2000), and thus cortical information is massively integrated within the striatum. The activity of striatal projection neurons is strongly modulated by local interneurons that also receive cortical inputs (Tepper et al. 2008) . The projection neurons finally send processed signals to the external and internal segments of the globus pallidus and the substantia nigra pars reticulata through the direct and indirect pathways of the basal ganglia. Therefore, to understand the functional roles of striatal projection neurons, it is essential to examine how information from various cortical areas is integrated and represented within the striatum.
THE PRIMATE STRIATUM, composed of the putamen, the caudate nucleus, and the ventral striatum, is a main input station of the basal ganglia and receives neural signals from wide areas of the cerebral cortex. Every single striatal projection neuron is estimated to receive diverse inputs from ϳ750 to 7,500 cortical neurons (Bennet and Wilson 2000) , and thus cortical information is massively integrated within the striatum. The activity of striatal projection neurons is strongly modulated by local interneurons that also receive cortical inputs (Tepper et al. 2008) . The projection neurons finally send processed signals to the external and internal segments of the globus pallidus and the substantia nigra pars reticulata through the direct and indirect pathways of the basal ganglia. Therefore, to understand the functional roles of striatal projection neurons, it is essential to examine how information from various cortical areas is integrated and represented within the striatum.
Previous electrophysiological studies revealed that the patterns of neural activity differed among subregions of the putamen (Alexander and Crutcher 1990; Kimura et al. 1992 ; Lee and Assad 2003; Liles 1983; Schultz and Romo 1992) . Neurons in the lateral part of the putamen increased activity simply in relation to movements, whereas those in the medial part showed complex activity changes, such as responses to visual stimuli. These different response patterns may reflect difference in cortical inputs. Actually, the forelimb region of the primary motor cortex (MI) projects mainly to the ventrolateral part of the caudal aspect of the putamen, and that of the supplementary motor area (SMA) projects predominantly to the dorsomedial part Takada et al. 1998a, b) . The mediolateral central region of the putamen receives convergent inputs from both the MI and SMA. Thus the information about the forelimb movements from the MI and SMA is processed in a convergent or nonconvergent manner within the putamen. To investigate how such cortical inputs are processed and represented in the putaminal projection neurons, their activity during the performance of a goal-directed reaching task with delay was recorded after identification of cortical inputs by stimulation of the MI and SMA in the present study.
MATERIALS AND METHODS
Behavioral task. Two Japanese monkeys of either sex (Macaca fuscata; named S and A), weighing 5.2 and 8.0 kg, were used in this experiment. Both monkeys were right-handed. The experimental protocols were approved by the Institutional Animal Care and Use Committee of National Institutes of Natural Sciences, and all experiments were conducted according to the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Each animal was seated in a primate chair and trained to perform a goal-directed reaching task with delay (Fig. 1A) . Three slots (Left, Center, and Right) were aligned horizontally in a panel that was placed at a distance of 30 cm in front of the animals. Three slots were separated from each other by 10 cm. Each slot was 18 mm in height, 6 mm in width, and 11 mm in depth. A two-color (red and green) light-emitting diode (LED) was installed in the bottom of each slot.
Each trial was initiated after the animal placed its right hand at the resting position that was located below the panel for at least 1,500 ms. In Go trials (Fig. 1A) , one of three LEDs was lit with a red color for 150 ms as an instruction stimulus. A random delay period of 550 -1,800 ms followed the instruction stimulus. During the instruction stimulus and delay period, the monkey was required to keep its hand at the resting position. After a delay period, all three LEDs were lit with a green color for 1,200 ms as a triggering stimulus. Upon the presentation of a triggering stimulus, the monkey was required to reach out its right forelimb, using its index finger, and touch the LED inside the slot that had been directed previously by the instruction stimulus. The onset timings of the instruction stimulus and the triggering stimulus are denoted as S1 and S2, respectively. The timings of hand release (HR) from the resting position and finger in (FI) the slot were detected by infrared photoelectric sensors (Keyence, Osaka, Japan), installed in the resting position and slots. If the monkey touched the correct LED within 1,200 ms, it was rewarded with juice. The onset timing of reward delivery is denoted as R. If the monkey released its hand from the resting position during the instruction stimulus and delay period, touched the wrong LED, or touched the LED after 1,200 ms, it was not rewarded, and the trial with same task conditions was repeated (repeat of the error conditions). In No-go trials (Fig. 1A) , all three LEDs were lit simultaneously with a red color for 150 ms as an instruction stimulus (S1). After a delay period of 550 -1,800 ms, all three LEDs were lit with a green color for 1,200 ms as a triggering stimulus (S2). If the monkey kept its hand at the resting position during the entire delay and triggering-stimulus periods, it was rewarded with juice (R). If the monkey released its hand from the resting position during entire periods, it was not rewarded, and the No-go trial was repeated. Left, Center, and Right targets (appearance probability of each target, 29%) and No-go (13%) trials were presented randomly. Intertrial intervals (between the end of Reward and the beginning of the following trial) were 2,000 -3,000 ms.
Surgery. After learning the behavioral task, the monkeys underwent surgical operations to fix their head painlessly in a stereotaxic frame attached to a primate chair (for details, see Nambu et al. 2000 under general anesthesia with sodium pentobarbital (25 mg/kg body wt, iv) after induction with ketamine hydrochloride (10 mg/kg im) and xylazine hydrochloride (1-2 mg/kg im).
After full recovery from the operation, the skull over the left MI and SMA was removed under light anesthesia with ketamine hydrochloride (10 mg/kg im) and xylazine hydrochloride (1-2 mg/kg im). (Left, Center, and Right) were aligned horizontally in a panel that was placed in front of the animals. A 2-color (red and green) light-emitting diode (LED) was installed in the bottom of each slot. Each trial was initiated after the animal placed its hand at the resting position for at least 1,500 ms. In Go trials, 1 of the 3 LEDs (Left, Center, or Right) was lit with a red color for 150 ms as an instruction stimulus (S1). After a random delay period of 550 -1,800 ms, all 3 LEDs were lit with a green color for 1,200 ms as a triggering stimulus (S2). Upon the presentation of the triggering stimulus, the monkey was required to reach out its forelimb and touch, using its index finger, the LED inside the slot that had been instructed previously by the S1. The timings of hand release (HR) from the resting position and of finger in (FI) the slot were detected by the infrared photoelectric sensors. If the monkey touched the correct LED within 1,200 ms, it was rewarded (R) with juice. In No-go trials, all 3 LEDs were lit simultaneously with a red color for 150 ms (S1). After a delay period of 550 -1,800 ms, all 3 LEDs were lit with a green color for 1,200 ms (S2). If the monkey kept its hand at the resting position during these periods, it was rewarded with juice. B: cortical mapping (Monkey S) for implantation of stimulating electrodes. B1: top view of the monkey brain. Gray squares indicate mapped areas in 2 and 3. B2 and B3: mapping of the supplementary motor area (SMA) and primary motor cortex (MI), respectively. Each letter indicates the somatotopic body part: D, digit; E, elbow; F, foot; H, hip; J, jaw; S, shoulder; Ta, tail; Tr, trunk; V, visual response; W, wrist. Somatotopic arrangements in the mesial surface and the rostral bank of the central sulcus are also shown, along with depths from the cortical surface. Three pairs of bipolar-stimulating electrodes were implanted into the loci, indicated by small gray circles: the forearm region of the SMA and the proximal (MIp) and distal (MId) forelimb regions of the MI.
The forelimb regions of the MI and SMA were identified by electrophysiological methods ( Fig. 1B; for details, see Nambu et al. 2000 . According to this mapping, three pairs of bipolar-stimulating electrodes (made of 200 m-diameter, enamel-coated, stainless-steel wires; intertip distance, 2 mm) were implanted chronically into the MI and SMA: one into the distal forelimb region of the MI (MI distal ), another into the proximal forelimb region of the MI (MI proximal ), and the other into the forelimb region of the SMA. Exposed areas were covered with transparent acrylic resin, except for the orofacial area of the MI (10 -15 mm diameter), for access to the putamen. A rectangular plastic chamber covering the hole was fixed onto the skull with acrylic resin.
Single-unit recording of putaminal neurons. Recording neuronal activity of the left putamen was initiated after full recovery from the surgery and was performed 2 or 3 days/wk. During the experimental sessions, each monkey was seated in the monkey chair with head fixation. A glass-coated Elgiloy alloy microelectrode (0.5-1.5 M⍀ at 1 kHz) was inserted obliquely (45°from vertical in the frontal plane) through the dura into the putamen to record neuronal activity using a hydraulic microdrive (Narishige Scientific Instrument Laboratory, Tokyo, Japan). The neuronal activity recorded from the microelectrode was amplified (ϫ10,000), filtered (100 -2,000 Hz), and displayed on an oscilloscope. The forelimb region of the putamen can be identified by 1) responses to sensory stimuli of the forelimb and 2) orthodromic excitation evoked by MI and SMA stimulation . Activity of the putaminal neuron was isolated and converted into digital pulses using a time-amplitude window discriminator. The responses to cortical stimulation (300-s duration single pulse, strength of Ͻ0.6 mA, sometimes up to 0.7 mA, at 0.7 Hz) were observed by constructing peristimulus time histograms (PSTHs; bin width of 1 ms; summed for 100 stimulus trials) using a computer. During constructing PSTHs, the monkey sat quietly without performing any tasks. MI stimulation induced movements of corresponding body parts, but SMA stimulation did not. Only the neurons with apparent cortical inputs were sampled. To confirm the monosynaptic nature of orthodromic excitation, double-cortical stimulation with short intervals (20 -50 ms) was applied in some neurons. Then, the neuronal activity during the performance of a goal-directed reaching task with delay was recorded. Timings of neuronal firings and task events (S1, S2, HR, FI, and R) were stored on a computer at a time resolution of 1 ms. These data, along with raw neuronal activity, were also stored on videotapes using a pulse-code modulation recorder (Cygnus Technology, Delaware Water Gap, PA). Finally, the responses of putaminal neurons to somatosensory stimuli, such as passive joint movements and muscle palpations and/or active forelimb movements, were examined.
During daily recording sessions, electromyograms (EMGs) were recorded five times for monkey S and six times for monkey A using surface electrodes from the following muscles: wrist extensor, wrist flexor, biceps brachii, triceps brachii, deltoid, trapezius, upper trunk, lower trunk, and quadriceps femoris. EMG signals were amplified, filtered (100 -1,000 Hz), rectified, and stored on a computer.
Data analysis. On the basis of the firing frequency and patterns, putaminal neurons can be classified largely into two groups: phasically active neurons (PANs), which are silent at rest but phasically active during voluntary movements, and tonically active neurons (TANs), which exhibit tonic background discharges at ϳ2-10 Hz and have longer spike duration than PANs (Alexander and DeLong 1985b; Aosaki et al. 1994; Kimura 1995) . The majority of PANs are considered as medium, spiny ␥-aminobutyric acid (GABA)ergic-projection neurons, whereas TANs are considered as large, aspiny-cholinergic interneurons (Inokawa et al. 2010) . In the present study, PANs, which met the following criteria, were sampled: 1) firing rate at rest not more than 5 Hz and 2) spike duration not more than 3 ms.
Responses to cortical stimulation were analyzed by PSTHs (summed for 100 stimulus trials). The mean value and SD of the firing rate during 100 ms, preceding the onset of stimulation, were calculated from PSTHs and were considered to be the value for base discharge (spontaneous firing rate). Responses to the cortical stimuli were judged to be significant if the firing rate during at least three consecutive bins (3 ms) reached the significant level of base discharge ϩ 2 SD (P ϭ 0.0228). The latency of the response was defined as the time at which the firing rate first exceeded this level. The responses whose latencies were Ͻ21 ms were investigated in this study, as they were mediated by the direct corticostriatal projections based on our previous study ; see also DISCUSSION).
Neuronal activity during task performance was aligned with the task events (S1, S2, HR, FI, and R) separately, according to the S1 conditions (Left, Center, and Right targets and No-go trials) and shown in raster display. Then, spike-density functions ( ϭ 13 ms) were calculated. For detecting delay-related activity, the mean value and SD of the firing rate during 1,000 ms, preceding the S1, were calculated and were considered to be the value for base discharge. Activity changes during the delay periods were judged to be significant if the firing rate reached continuously the significant level of mean discharge ϩ 2 SD (P ϭ 0.0228) during at least 3 ms before the S2 (see Anderson and Horak 1985) . For detecting movement-related activity, the mean value and SD of the firing rate during 500 ms, preceding the S2, were calculated. Activity changes during the armreach movements were judged to be significant if the firing rate reached continuously the significant level of mean discharge ϩ 2 SD (P ϭ 0.0228) during at least 3 ms in a 1,200-ms period centered at the HR. The periods of arm-reach movements include the timing of the FI. The latency of the neural response in reference to specific events, such as S1 and HR, was defined as the time at which the firing rate first exceeded this level (mean discharge ϩ 2 SD for 3 ms), aligned with corresponding events. Amplitude (A) of responses related to each event was defined as the averaged number of spikes during the following periods: delay-related activity, a 500-ms period before the S2; HR-related activity, a 1,000-ms period centered at the HR; FI-related activity, a 1,000-ms period centered at the FI. Responses of delay-, HR-, and FI-related activity were modulated by target directions. Directional selectivity of each neuron in each event was defined as: directional selectivity ϭ 1 Ϫ (A med ϩ A min )/(A max ϫ 2), where A max , A med , and A min are the maximum, medium, and minimum amplitudes among three targets, respectively (0 Յ directional selectivity Յ 1; directional selectivity ϭ 0 means the same amplitude among three targets). In each neuron, spike-density histograms, showing the largest changes among three targets, were selected. Population activity was calculated by averaging spike-density histograms. The latency of the neuron was defined as the latency of the neural response with the largest changes among three targets.
EMG activity was also analyzed using similar methods. EMG activity during task performance was averaged with the task events separately, according to the S1 conditions. The mean value and SD of the activity during 1,000 ms, preceding the S1, were calculated and were considered to be the values for base activity. EMG activity changes were judged to be significant if the activity reached the significant level of base activity ϩ 2 SD during at least 3 ms. The latency of the EMG activity was defined as the time at which the activity first exceeded this level.
Histology. At the end of the final experiment, several recording sites were marked by passing cathodal direct current (20 A for 30 s) through the electrode. The monkeys were then anesthetized deeply with sodium pentobarbital (50 mg/kg iv) and perfused transcardially with 2 l of PBS, pH 7.3, followed by 5 l of 8% formalin in 0.1 M phosphate buffer (PB), pH 7.3, and 3 l of 0.1 M PB containing 10% sucrose. The brains were removed, kept in 0.1 M PB containing 30% sucrose at 4°C, and then cut serially into 50 m-thick frontal sections on a freezing microtome. The sections were mounted onto gelatincoated glass slides and stained with cresyl violet. The recording sites were reconstructed according to the lesions made by current injection and the traces of electrode tracks. The positions of cortical stimulation electrodes were also confirmed histologically. Figure 2 shows a typical example of EMG activity during task performance. EMG activity was aligned with HR (Go trials, at time 0) or S2 (No-go trials) and averaged separately, according to the S1 conditions. In Go trials, no significant activity changes were observed during the delay period. Large activity increase in forelimb muscles, such as the wrist extensor, wrist flexor, and biceps brachii muscles began preceding the HR. Among them, the biceps brachii muscle displayed the earliest EMG changes, preceding the HR by 170 ms. This activity before the HR may contribute to HR from the resting position. The wrist extensor, biceps brachii, and deltoid muscles showed different activities among Left, Center, and Right target trials, and this may determine the direction of reaching. The wrist flexor and extensor muscles showed large EMG activity 200 -600 ms after the HR and may contribute to hand shaping at the final stage of reaching. The upper-trunk muscles were also active during movements, whereas no obvious activity was observed in the lower trunk or hindlimbs. In No-go trials, no significant changes of EMG activity were detected.
RESULTS

EMG activity.
Spontaneous firing rates. In the present study, a total of 821 putaminal neurons, which were classified as PANs, was sampled in two monkeys. Among them, 447 neurons displayed significant excitatory responses to cortical stimulation based on offline analysis and were studied further. The second stimulation of the double-cortical stimulation evoked comparable excitatory responses with those evoked by the first stimulation (data not shown), suggesting that the excitatory responses were mediated by direct corticostriatal projections. According to the cortical inputs, putaminal neurons were classified into three groups: MI-, SMA-, and MI ϩ SMA-recipient neurons . MIrecipient neurons were further classified into MI proximal -, MI distal -, and MI proximal ϩ distal -recipient neurons. MI ϩ SMA-recipient neurons were also classified into MI proximal ϩ SMA-, MI distal ϩ SMA-, and MI proximal ϩ distal ϩ SMA-recipient neurons. The number of neurons belonging to each group and their spontaneous firing rates are shown in Table 1 . A considerable number of neurons received convergent inputs from multiple cortical areas. The spontaneous firing rate of MI-recipient neurons [1.41 Ϯ 1.82 (SD) Hz] was significantly lower than those of SMA (2.50 Ϯ 2.67 Fig. 2 . Electromyogram (EMG) activity during the performance of a goal-directed reaching task with delay. EMG activity was rectified, aligned at the HR (Go trials, at time 0) or S2 (No-go trials), and averaged 100 times separately, according to the S1 conditions (Left, Center, and Right targets and No-go trials). In Go trials, EMG activity was observed in the forelimb and upper-trunk muscles but not in the lower-trunk and hindlimb muscles. No EMG activity was observed in No-go trials.
Hz)-and MI ϩ SMA (2.48 Ϯ 2.20 Hz)-recipient neurons (P Ͻ 0.05; Bonferroni/Dunn post hoc tests).
The latencies of excitations in putaminal neurons evoked by each cortical stimulation are compared in Fig. 3 . The latency of MI proximal -induced excitation (10.9 Ϯ 2.5 ms; Fig. 3A ) and that of MI distal -induced excitation (11.5 Ϯ 2.6 ms; Fig. 3B ) was significantly shorter than that of SMA-induced excitation (14.1 Ϯ 2.8 ms; Fig. 3C ; Bonferroni/Dunn post hoc tests; P Ͻ 0.05). The latencies of the excitation evoked by stimulation in the same cortical area were comparable between neurons with converging inputs and neurons with a single cortical input (Fig. 3) .
Activity during task performance. Activity of putaminal neurons with different cortical inputs is exemplified in Figs. 4 -6. Figure 4A shows a typical example of MI proximalrecipient putaminal neurons. This neuron received cortical input exclusively from the MI proximal . MI proximal stimulation evoked excitatory responses at a latency of 11 ms (Fig. 4A1) , whereas stimulation of other cortical areas did not. Neuronal activity during task performance was aligned with the S1 and HR (Go trials) or the S1 and S2 (No-go trials) separately, according to the S1 conditions, and averaged (Fig. 4A2) . This neuron exhibited no activity during the delay period and increased activity in relation to arm-reach movements, preceding the HR by 125 ms. The amplitude of movement-related activity was larger in the Right target trials than in the Center and Left target trials. Directional selectivity of the HR-related activity was 0.60. No activity was observed in No-go trials. Somatosensory examination revealed that this neuron was activated by lateral rotation of the shoulder. These observations suggest that this neuron increased activity in relation to the proximal forelimb movement, such as HR from the resting position. Figure 4B shows a typical example of MI distal -recipient putaminal neurons. This neuron received cortical input exclusively from the MI distal . MI distal stimulation evoked excitatory responses at a latency of 15 ms (Fig. 4B1) , whereas stimulation of other cortical areas did not. This neuron exhibited no activity during the delay period (Fig. 4B2) . This neuron showed a mild activity increase after the HR in the Right target trials and a large activity increase around the FI in all three targets conditions. The timing-of-activity increase correlated with the FI, not with the S2, HR, or R. No activity was observed in No-go trials. Directional selectivity of the FI-related activity was 0.21. This neuron was activated by abduction of the wrist. These observations suggest that this neuron increased activity in relation to the distal forelimb movement, such as shaping its hand for touching the target slot. Figure 5 , A and B, shows two examples of SMA-recipient putaminal neurons. These neurons received cortical input exclusively from the SMA. The neuron in Fig. 5A responded to SMA stimulation at a latency of 12 ms (Fig. 5A1) , whereas stimulation of other cortical areas did not. This neuron showed delay-related activity, i.e., a gradual firingrate increase beginning after the S1 and lasting before S2 (Fig. 5A2) . Delay-related activity was observed in all three target conditions, and directional selectivity of delay-related activity was 0.21. The activity increased additionally and reached its peak after the HR, suggesting that this neuron also showed movement-related activity. Although the activity increase was also observed in No-go trials, its amplitude was smaller than that in Go trials. This neuron was activated during active shoulder movements. Figure 5B shows another Neuronal activity was aligned separately according to the S1 conditions (Left, Center, and Right targets and No-go trials, from top to bottom) with the S1 (left), and HR (right; in Go trials) or S2 (right; in No-go trials). Short, gray vertical lines indicate the timing of the S2 and FI. Each plot of Go trials was sorted according to the reaction time (S2-HR). Continuous, gray traces indicate spikedensity functions ( ϭ 13 ms) for the associated rasters. For the spike-density functions in this and the following figures, the mean value and SD of the firing rate during 1,000 ms, preceding the S1, were calculated. The spike-density functions with significant changes, which continuously reach the significant level of mean discharge ϩ 2 SD during at least 3 ms, are indicated by black traces. Abscissa, ticked every 500 ms. B: typical example of MI distal -recipient putaminal neurons. B1: PSTHs showing responses to MI distal stimulation (0.4 mA). B2: raster display showing the neuronal firing during task performance. Each plot of Go trials was sorted according to the movement time (HR-FI). The timing of the R is also indicated by short, gray vertical lines.
example of SMA-recipient putaminal neurons. This neuron responded to SMA stimulation at a latency of 10 ms (Fig.  5B1) , whereas stimulation of other cortical areas did not. This neuron exhibited a delay-related activity (directional selectivity, 0.22) and a large movement-related activity increase preceding the HR by 252 ms (Fig. 5B2) . Directional selectivity of the HR-related activity was 0.38. This neuron was activated by passive shoulder movements. Figure 6A shows a typical example of MI proximal ϩ SMA-recipient putaminal neurons. This neuron received convergent cortical inputs from the MI proximal and SMA. MI proximal and SMA stimulation evoked excitatory responses at latencies of 9 ms and 14 ms, respectively (Fig. 6A1) , whereas MI distal stimulation did not. This neuron increased activity in relation to arm-reach movements, preceding the HR by 106 ms (Fig. 6A2) . The amplitude of excitation was comparable among the three target conditions. Directional selectivity of the HR-related activity was 0.15. No activity was observed in No-go trials. This neuron was activated by extension and abduction of the shoulder.
Among 447 putaminal neurons recorded, most neurons (412/ 447, 92.2%) exhibited activity increases in Go trials and almost no activity in No-go trials. Twenty-two neurons (4.9%) showed no significant activity changes in either Go or No-go trials. Six neurons (1.3%) showed a comparable activity increase in both Go and No-go trials and were classified as MI ϩ SMA- (Fig. 6B1 ). This neuron increased activity at 395 ms after the S1, maintained activity, and decreased activity before the Reward in No-go trials (Fig.  6B2) , whereas no activity in Go trials. This neuron was not activated either by passive body movements or by visual stimuli.
Putaminal neurons with different cortical inputs showed different activity patterns during task performance ( Table 2 ). The activity patterns of MI-recipient neurons are significantly different from those of SMA-and MI ϩ SMA-recipient neurons ( 2 test with Bonferroni correction, P Ͻ 0.05). Most of MI-recipient neurons (87%) showed movement-related activity, whereas some neurons (16%) showed delay-related activity. More SMA-recipient neurons (32%) showed delay-related activity than MI-recipient neurons, and fewer ones (71%) showed movement-related activity. MI ϩ SMA-recipient neurons showed activity patterns intermediate between MI-and SMA-recipient neurons. The ratio of MI ϩ SMA-recipient neurons showing delay-related activity was smaller than that of SMA-recipient neurons, and the ratio of MI ϩ SMA-recipient neurons showing movement-related activity was smaller than that of MI-recipient neurons. Characteristics of putaminal neuronal activity during task performance were also observed in population activity (Fig. 7) . MI-recipient neurons showed very little changes during the delay period (Fig. 7A) . The firing rate increased abruptly before the HR, preceding the HR by 154 ms in MI proximal -recipient neurons, by 119 ms in MI distal -recipient neurons and by 123 ms in MI proximal ϩ distal -recipient neurons. Activity increase reached its peak before the FI. SMA-recipient neurons showed a gradual activity increase during the delay period, beginning 197 ms after the S1 (Fig. 7B) . They showed additional activity increase in relation to arm-reach movements, preceding the HR by 303 ms. MI ϩ SMA-recipient neurons also showed a gradual activity increase during the delay period (Fig. 7C) . They showed additional activity increase in relation to arm-reach movements, preceding the HR by 134 -138 ms (MI proximal ϩ SMA-, 135 ms; MI distal ϩ SMA-, 138 ms; MI proximal ϩ distal ϩSMA-, 134 ms). Timing of activity changes of putaminal neurons. The onset timing of movement-related activity changes in relation to the HR was shown in cumulative distributions (Fig. 8) . Very early activity changes that preceded the HR by more than 400 ms in SMA-recipient neurons were considered to reflect activity during the delay period. Approximately one-half of MI proximal (47%)-, SMA (49%)-, MI proximal ϩ SMA (57%)-, M distal ϩ SMA (44%)-, and MI proximal ϩ distal ϩ SMA (54%)-recipient neurons changed activities before the HR, whereas a smaller number of MI distal (28%)-and MI proximal ϩ distal (40%)-recipient neurons did. The earliest EMG changes began 170 ms before the HR (Fig. 3) . In some of MI proximal (9%)-, MI distal (7%)-, MI proximal ϩ distal (9%)-, SMA (21%)-, MI proximal ϩ SMA (17%)-, MI distal ϩ SMA (5%)-, and MI proximal ϩ distal ϩ SMA (15%)-recipient neurons, their activity changes preceded the earliest EMG changes.
The onset latencies of delay-related activity after the S1 were comparable among MI (502 Ϯ 47 ms)-, SMA (469 Ϯ 47 ms)-, and MI ϩ SMA (471 Ϯ 96 ms)-recipient neurons.
Direction selectivity. The amplitude of activity during task performance was modulated by the target direction. Directional selectivity of delay-, HR-, and FI-related activity was calculated in each neuron group (Table 3 and Fig. 9 ). Concerning HR-related activity, MI-recipient putaminal neurons showed significantly higher directional selectivity than SMA-and MI ϩ SMA-recipient neurons (Bonferroni/Dunn post hoc tests; P Ͻ 0.05). Among them, MI proximal -recipient putaminal neurons showed the highest directional selectivity. One-third of MI proximalrecipient neurons (32%) had directional selectivity Ն0.5, whereas a smaller number of other neuron groups did (Fig. 9) . Concerning FI-related activity, MI-recipient putaminal neurons showed significantly higher directional selectivity than MI ϩ SMA-recipient neurons (P Ͻ 0.05). Directional selectivity of delay-related activity was comparable among MI-, SMA-, and MI ϩ SMA-recipient putaminal neurons.
Locations of recorded putaminal neurons. The locations of putaminal neurons recorded were plotted in frontal sections (Fig. 10) . The neurons that responded to stimulation of the forelimb regions of the MI and/or SMA were distributed in a band extending from the ventrolateral to dorsomedial part in the caudal aspect of the putamen. Within this band, MIrecipient neurons were located mainly in the ventral part, whereas SMA-recipient neurons were found in the dorsal part. MI ϩ SMA-recipient neurons were located in between. In MI-recipient neurons, MI distal -and MI proximal ϩ distal -recipient neurons were situated predominantly in the ventral-most part. MI-and SMA-recipient neurons showed different activity patterns during task performance (Table 2) . Thus neurons in the ventrolateral part of the putamen receive inputs from the MI and show movement-related activity, whereas neurons in the dorsomedial part receive inputs from the SMA and show both movement-and delay-related activity.
The neurons that did not show task-related activity were distributed randomly in the MI-and SMA-recipient band (Fig.  10) . The neurons that did not respond to the MI and SMA stimulation were distributed dorsolaterally or ventromedially to the band. Putaminal neurons situated dorsally to the MIrecipient zone often responded to manipulation of the hip joint, and microstimulation in this area evoked movements of the hip joint. In contrast, putaminal neurons situated ventrally to the MI-recipient zone responded to manipulation of the orofacial region, and microstimulation in this area evoked orofacial movements. Neurons in the orofacial areas of the putamen increased activity in relation to orofacial movements, such as licking juice at reward periods.
DISCUSSION
The present study revealed the following results. 1) Putaminal neurons with inputs from different cortical areas showed distinct activity patterns during the performance of a goaldirected reaching task with delay. 2) MI-recipient neurons increased activity in response to arm-reach movements, whereas SMA-recipient neurons increased activity during delay periods as well as during movements. The activity pattern of MI ϩ SMA-recipient neurons was of an intermediate type between those of MI-and SMA-recipient neurons. 3) Approximately one-half of MI proximal -, SMA-, and MI ϩ SMArecipient neurons changed activities before the onset of movements, whereas a smaller number of MI distal -and MI proximal ϩ distal -recipient neurons did. 4) MI-recipient neurons showed higher directional selectivity during arm-reach movements than SMA-and MI ϩ SMA-recipient neurons. 5) MIrecipient neurons were located mainly in the ventrolateral part of the caudal aspect of the putamen, whereas SMA-recipient neurons were located in the dorsomedial part. MI ϩ SMArecipient neurons were found in between.
Methodological considerations. Electrophysiological recording at the distance of 2.5 mm from the electrode implantation sites showed no excitation of cortical neurons after stimulation (up to 0.7 mA) in our previous work . Therefore, the extent of the current spread from stimulating electrodes implanted in the cortex was estimated to be Ͻ2.5 mm. MI proximal and MI distal electrode implantation sites were 2.5-3.2 mm apart (Fig. 1B) , and stimulation in the MI proximal and MI distal evoked movements in the proximal and distal forelimb regions, respectively, in the present study. Thus stimulation in the MI proximal , MI distal , and SMA is considered to have excited each cortical area specifically.
The orthodromic responses evoked by cortical stimulation in the present study are considered to be mediated by direct corticostriatal projections as discussed below. The excitatory responses followed well the double-cortical stimulation with short intervals (20 -50 ms), suggesting that they are monosynaptic responses. The distribution of the orthodromically activated putaminal neurons corresponds well to that of MI proximal -, MI distal -, and SMAderived corticostriatal terminals reported previously (Künzle 1975; Liles and Updyke 1985; Takada et al. 1998a, b; Tokuno et al. 1999) . The latency of MI-evoked orthodromic responses of putaminal neurons in this study was within the same range as that of corticostriatal-evoked responses in the monkey (Liles 1975; and putamen-evoked antidromic activation of MI neurons (Bauswein et al. 1989; Turner and DeLong 2000) .
MI ϩ SMA-recipient putaminal neurons in the present study are considered to receive converging inputs directly from the MI and SMA. It might be argued that excitatory responses in MI ϩ SMA-recipient putaminal neurons evoked by SMA stimulation could be mediated by the SMA-MI and MI-putamen projection but not by the direct SMA-putamen projection. If this were the case, the neurons in the center of the MIrecipient putaminal zone might also be expected to respond to SMA stimulation. However, the MI ϩ SMA-recipient putaminal neurons were located only in the intermediate zone between the laterally situated MI-recipient and medially situated SMArecipient zones (Fig. 10) , corresponding well to the distribution patterns of corticostriatal terminals from these cortical areas (Takada et al. 1998a, b) . The fact that the latency of MI ϩ SMA-recipient putaminal neurons to SMA stimulation was similar to that of SMA-recipient putaminal neurons to SMA stimulation (Fig. 3 ) also supports the argument that SMA stimulation does not activate MI ϩ SMA-recipient putaminal neurons indirectly.
Another issue is whether MI and SMA stimulation can excite entire forelimb regions of the MI and SMA, respectively. Two pairs of bipolar-stimulating electrodes in the MI cover large areas of the forelimb region of the MI (Fig. 1B) . A pair of bipolar-stimulating electrodes in the SMA covers most of the forelimb region of the SMA. MI-and SMA-recipient zones studied by orthodromic responses evoked by cortical stimulation correspond well to the zones examined by somatosensory inputs, movements evoked by intrastriatal microstimulation , and corticostriatal terminals (Takada et al. 1998a, b) . Outside of the MI-and SMA-recipient zones, putaminal neurons responded to manipulation of the hip joint or the oral region. These results suggest that cortical stimulation successfully covers the forelimb regions of the MI and SMA.
Information processing through the corticostriatal projections. On the basis of previous anatomical (Takada et al. 1998a, b; Tokuno et al. 1999 ) and electrophysiological studies, the forelimb region of the MI projects mainly to the lateral part of the caudal aspect of the putamen, whereas that of the SMA projects predominantly to its medial counterpart. In addition, a substantial number of neurons in the mediolateral central zone of the putamen receive convergent inputs from both the MI and SMA Takada et al. 1998a, b) . Within the MI-and MI ϩ SMA-recipient zones of the putamen, input from the MI distal enters more ventrally than that from the MI proximal Tokuno et al. 1999) . These distributions agree with the present results (Fig. 10) . The latency of responses evoked by cortical stimulation was comparable with the previously reported one (Nambu et al. 2002 ).
The present study has shown that neuronal activity in the putamen is dominated by its cortical inputs. Moreover, a variety of task-related information from different cortical areas might converge onto single putaminal neurons. Many MI-recipient neurons exhibited movement-related activity, whereas SMA-recipient neurons displayed delay-related activity, as well as movementrelated activity. The activity onset of the SMA-recipient neurons preceded that of MI-recipient neurons. In addition, some of the SMA-recipient neurons showed No-go-specific activity (Fig. 6B) . The spontaneous firing rate of MI-recipient neurons was lower than that of the SMA-recipient neurons (Table 1) . Such activity patterns of putaminal neurons seem to reflect activities of MI and SMA neurons, giving rise to the corticostriatal projections, because similar activity patterns were reported for these motor areas (Ikeda et al. 1999; Mushiake et al. 1991 , Tanji 1994 , especially in MI neurons projecting to the putamen (Turner and DeLong 2000) . Moreover, there were a substantial number of neurons receiving convergent inputs from both the MI and SMA. These neurons showed activity changes that were intermediate between those of MI-and SMA-recipient neurons, indicating that both inputs from the MI and SMA contribute putaminal activity during task performance. Thus convergent inputs from the MI and SMA should have functional significance. The activity onset of MI proximalrecipient neurons preceded that of MI distal -recipient neurons. This difference can be explained by the observation that EMG activity of the distal forelimb part was late compared with that of the proximal part (see Fig. 2 ). The thalamusespecially the intralaminar thalamic nuclei-also projects to the striatum. However, the contributions of thalamic input to the task-related activity in the striatum may be small, because striatal activity patterns primarily reflected cortical activity in the MI and SMA.
The activity of putaminal neurons observed in the present study may also be modulated by feedback and feedforward GABAergic circuits within the striatum. The striatum is composed of projection neurons that represent a majority of cells (80 -95%) and a smaller number of interneurons (representing 5-20% of all striatal neurons) (Bennett and Wilson 2000) . The projection neurons are inhibitory GABAergic neurons and have extensive local axon collaterals that form synapses with other neighboring projection neurons (Gustafson et al. 2006; Tepper et al. 2008) . On the other hand, the interneurons are classified into several groups, including parvalbumin (PV)-containing GABAergic neurons and large cholinergic neurons (Bennett and Wilson 2000) . The PV-containing GABAergic interneurons especially receive inputs from the cerebral cortex and innervate the projection neurons (Koós and Tepper 1999; Mallet et al. 2005; Tepper et al. 2008) . Thus GABAergic networks in the striatum, comprising feedback inhibition through the axon collaterals of the projection neurons and feedforward inhibition through the GABAergic interneurons (Gage et al. 2010) , are thought to control the activity of striatal projection neurons.
Putaminal activity. In the present study, only PANs were studied (see MATERIALS AND METHODS) . PANs are originally considered medium, spiny, GABAergic-projection neurons; however, recent studies reported electrophysiologically distinct subtypes of PANs in the striatum (Gittis et al. 2010; Mallet et al. 2005; Sharott et al. 2009 ). Actually, based on the recent juxtacellular-labeling study of rats, the majority of PANs are medium-sized, spiny GABAergic-projection neurons, whereas a smaller number are GABAergic interneurons, including fastspiking interneurons. In the present study, we have noticed another type of neurons, which is characterized by 1) higher spontaneous firing rate, 2) short spike duration, and 3) short latency excitation to the cortical stimulation. These neurons are considered as fast-spiking interneurons (Mallet et al. 2005) and excluded from the analysis in the present study.
The locations of putaminal neurons recorded in the present study are largely consistent with the somatotopic organization in the putamen. On the basis of somatosensory responses (Alexander and DeLong 1985a, b) , evoked movements by microstimulation (Alexander and DeLong 1985a, b) , movement-related neuronal activities (Crutcher and DeLong 1984a, b) , and corticostriatal projections (Künzle 1975; Liles 1975; Takada et al. 1998a, b) , it has been reported that there is a dorsolateral-to-ventromedial topography of representation from the hindlimb to the orofacial area, with the forelimb represented in an intermediate zone. Neurons in the orofacial areas of the putamen increased activity in relation to orofacial movements, such as licking juice at reward periods.
Previous studies reported that neurons in the lateral and medial parts of the putamen exhibited activity changes in different aspects of motor behaviors. Putaminal neurons in the lateral part had firing patterns that closely resembled the activity in agonist muscles, whereas those in the medial part did not (Liles 1983) . Putaminal neurons with preparatory activity were located more rostrally and medially than those with movement-related activity only (Alexander and Crutcher 1990) . On the basis of the present results, the activity differences along the mediolateral axis of the putamen are likely to be attributable to distinct cortical inputs from the MI and SMA.
The present results demonstrated that the activity of some putaminal neurons was modulated prior to the earliest changes in EMG, whereas most of their activity changes occurred thereafter (Figs. 7 and 8 ). This temporal distribution agrees well with the previous data (Crutcher and DeLong 1984a, b; Liles 1983; Liles and Updyke 1985; Merchant et al. 1997) . Such movement-related activity is considered to be transmitted through the basal ganglia circuitry and the thalamus, reach the MI and SMA, and finally, contribute to movementrelated activity in these motor areas, at least, to later activity in relation to the movement onset. On the other hand, delay-related activity of SMA-and MI ϩ SMA-recipient putaminal neurons may contribute to delay-related activity in the SMA and the premotor cortex through basal gangliathalamo-cortical pathways.
Functional significance. The present study suggests that the striatum is composed of multiple compartments that receive nonconvergent input from single cortical areas and convergent inputs from multiple cortical areas, which retain specific information related to motor tasks. Our previous anatomical study showed that putaminal regions with MI, SMA, and MI ϩ SMA inputs project to different parts of the globus pallidus . Therefore, specific information retained in multiple compartments of the striatum is transmitted independently through the basal ganglia circuitry, projects to the motor areas via the thalamus, and finally, contributes to the formation of cortical activity related to motor tasks. Further studies are necessary to clarify how the activity of each compartment of the putamen is processed through the basal ganglia-thalamocortical pathways.
